Rapid performance improvements in quantum cascade lasers (QCLs) and the realization of single mode distributed feedback (DFB) lasers 1 has created many applications in high resolution spectroscopy. Gas sensing applications typically require single mode emission and the ability to tune the emission wavelength. Conventionally, tuning of the QC laser wavelength is achieved by varying the operating temperature. A wide tuning range has been demonstrated using a QC laser array where a range of grating periods were defined for each individual laser waveguide. The variation in grating period, in conjunction with temperature tuning achieved continuous single mode operation between 8.7 and 9.4µm.
Introduction
Rapid performance improvements in quantum cascade lasers (QCLs) and the realization of single mode distributed feedback (DFB) lasers 1 has created many applications in high resolution spectroscopy. Gas sensing applications typically require single mode emission and the ability to tune the emission wavelength. Conventionally, tuning of the QC laser wavelength is achieved by varying the operating temperature. A wide tuning range has been demonstrated using a QC laser array where a range of grating periods were defined for each individual laser waveguide. The variation in grating period, in conjunction with temperature tuning achieved continuous single mode operation between 8.7 and 9.4µm. 2 In this paper, we report the single mode operation of multiple ridges of high order transverse mode reflecting DFB lasers. Reflection of higher order transverse modes propagating in the waveguide encourages lasing at the Bragg wavelength determined by the effective refractive index of the higher order mode .
General
The material is based on a double-phonon resonance design, identical to that given in a previous publication.
3 DFB lasers use a periodic structure (grating) close enough to the active core so that a portion of the optical mode is reflected by the grating. The coupling coefficient κ quantifies the amount of coupling between the forward and backward waves traveling inside the cavity (laser ridge). The coupled mode theory of DFB lasers, 4 defines the coupling coefficient and can be estimated from κ = (π . ∆n eff / 2λ 0 ) + i [∆α + (∆Γ . g th ) /4] where ∆n eff, ∆α, ∆Γ are the differences of the calculated effective mode refractive indices, waveguide losses and confinement factors at the grating peaks and grooves, respectively. The gain coefficient at the laser threshold is denoted by (g th ). By varying the laser ridge width, and maintaining a constant grating period, different transverse modes of the laser may be selectively coupled to, leading to large changes in the lasing wavelength.
The top InP cladding layers of fully clad QCLs were removed using a selective HCl:H 2 O 2 wet chemical etch that stopped on the InGaAs layer at the top of the active core region. Contact lithography and an inductively coupled plasma (ICP) etch process using SiCl 4 /Ar gases were utilized to etch a first order grating, into the upper InGaAs layer, with period (Λ) = 1.61µm, depth = 120nm and mark : space ratio ~ 60%. Re-growth of the InP cladding layer was carried out in a gas-source MBE. Laser ridges of (10, 20 & 30)µm wide were defined by ICP etching, allowing excellent control over the ridge dimensions. A silicon nitride isolation layer (thickness ~ 400nm) was deposited by plasma enhanced chemical vapor deposition. Top metal contacts of Ti/Au were thermally evaporated onto the sample, as were bottom contacts, after thinning the substrates down to ~150µm. Finally, the sample was cleaved into bars leaving the facets un-coated and mounted with the epitaxial layers up. Fig. 1 , shows a scanning electron microscope (SEM) image of the overgrown grating incorporated in the DFB lasers. Fig. 1 Scanning electron microscope image of the overgrown grating etched into the upper InGaAs layer directly above the active region of the DFB lasers.
Using an electrical pulse width of 50ns and repetition rate of 5kHz, the laser emission spectra were measured using a Fourier transform infrared spectrometer with a resolution of 0.2cm -1 . These are plotted on a logarithmic scale in Fig. 2 . From this plot we can see a significant difference in the emission wavelength of the lasers. The emission wavelength non-linearly shifts to a shorter wavelength with decreasing ridge width. The narrower ridges will experience a greater loss due to the larger overlap of the optical mode with the dielectric and gold layers on the outside of the ridges. This loss will cause a modification of the effective refractive index and change the Bragg wavelength. However, this increase in loss does not alone explain the observed change in emission wavelength. Choosing a longer grating period than would typically be optimal for coupling to the fundamental mode, will cause the Bragg wavelength for the fundamental mode to be outside the gain peak. Therefore, lasing will occur at a frequency determined by a higher order transverse mode with a lower effective refractive index (n eff ). Varying the ridge width not only modifies the loss (and n eff ) for a particular mode but the ridge width also determines which mode will be preferentially reflected. Our modeling predicts a value of κ ≈ (11.7 + i 3.2) cm -1 as these DFB devices have a larger complex component than would be the case if the fundamental mode had been coupled to.
The pulsed light-current (L-I) characteristics of two ridges of different widths are plotted in Fig. 3 (inset) . Even with uncoated facets and relatively short (1mm) cavity lengths, suitably large peak output powers of tens of milliwatts are demonstrated. In Fig.3 , we see the emission spectra of two ridges of width 10µm and 20µm. The operating temperature was varied over a temperature range where the emission was still observed to be single mode. As seen in Fig. 3 , the continuous wavelength tuning for these two ridges combined (~ 235nm) is larger than is expected for two DFB lasers coupled to the fundamental mode. As the grating period is identical, this simplifies manufacturing as whole wafers may be patterned in one step. Improved heating sinking, gold electroplating and high reflective facet coatings would be expected to further improve device performance. Plots of the single mode spectra of two laser ridges over a temperature range (140K-380K). (inset) Plots of the peak output powers of two QCDFB lasers at room temperature. Cavity lengths = 1mm.
Conclusions
In conclusion, we have demonstrated a high-power single mode laser array (SMSR ≥ 25dB) emitting in the mid-infrared region with a large tunable emission wavelength range λ ≈ (9.76 -10.0) µm from a single chip. This method is not limited to wavelengths near 10µm and could be used at other wavelengths of interest for spectroscopic applications.
